The endophytic colonization, nitrogen fixation, and plant growth-promoting abilities of Herbaspirillum sp. strain B501 gfp1, which is a diazotrophic endophyte isolated from wild rice, were studied after infection (at 10 2 and 10 8 cells ml −1 ) of seedlings of cultivated rice Oryza sativa cv. Nipponbare. Both doses resulted in colonization of the roots and stem (basal stem and leaf sheath). No colonization of leaves was observed. Higher bacterial populations were observed in the roots than stems. The bacteria colonized the intercellular spaces of the root epidermis and the spaces at the junctions of the lateral roots. They also colonized the epidermis and pericycle of the basal stem and the sub-epidermal tissues of the dermal tissue system of the leaf sheath at later stages. The colonizing bacteria incorporated significant amounts of 15 N2 into the infected plants. The inoculated plants also had higher dry weights and fresh weights than the control (uninoculated) plants.
Among the cereals, rice (Oryza sativa) is the most important crop 5) and is a staple food of many people worldwide. Nitrogen is one of the major limiting nutrients for rice production and its availability to the plant is critical for high yields. In nature, several endophytic bacteria have been isolated from rice plants. Many of these bacteria have been identified as diazotrophs, such as Pantoea agglomerans 11, 37) , Herbaspirillum seropedicae 1, 2, 20) , Rhizobium 35) , Herbaspirillum sp. strain B501 from wild rice Oryza officinalis 10) , Serratia spp. 14, 35) , and Burkholderia spp. 3, 12, 36) . Studies have shown that many endophytes have a broad host range. For example, Klebsiella pneumoniae (Kp342), which was originally isolated from maize, can colonize the roots of rice, wheat, and Arabidopsis 8) . Azoarcus indigens, which is isolated from Kallar grass, also colonizes rice and sorghum 9, 32, 34) . Similarly, Herbaspirillum seropedicae has been found in a variety of crops, including maize, sorghum, sugarcane, and other Graminae plants 1, 28) . The extent of colonization and the amount of fixed nitrogen vary with environmental conditions, bacterial strains, and host plants 5, 13) . Rice cultivars differ from each other with regard to their abilities to respond to bacterial inoculation, and these variations are partly due to the bacterial strains and partly due to the growth media used (Rolfe, B.G., and J.J. Weinman. 2001. Rice cultivars and endophytic bacteria. ISBN 0 642 58394 3: p. 6.). Elbeltagy et al. 10) have emphasized the potential effects of plant stage and environmental conditions on the amount of nitrogen fixed by endophytes, and have proposed studies involving mature plants to elucidate this phenomenon. Thus, studies of the interaction between the host, the endophyte, and environmental conditions are very important for defining the nitrogen-fixing association between hosts and endophytes.
Herbaspirillum sp. strain B501 gfp1 (strain B501gfp1), which was originally isolated from wild rice (Oryza officinalis), is an important diazotrophic endophyte 10) . Strain B501gfp1 colonizes the shoots and seeds of O. officinalis and fixes significant amounts of nitrogen, as can be observed under the fluorescence microscope after seed inoc-ulation. This bacterium does not colonize the shoots of cultivated rice Oryza sativa cv. Sasanishiki, with only weak signals observed in the seeds 10) . It has also been reported that strain B501gfp1 has the ability to colonize the roots and basal stems of sugarcane plants following root inoculation 25) . This indicates that under suitable growth conditions and with the appropriate inoculation technique, this bacterial strain can colonize plants other than its original host.
In a previous report 10) the colonization and nitrogen-fixing abilities of strain B501gfp1 for rice were studied 7 days after inoculation (DAI). However, similar studies in mature plants, especially those of cultivated rice, have not been performed. The present study aimed to address these issues and to reveal the contribution of nitrogen fixation by this bacterium to inoculated cultivated rice. Thus, we studied the colonization and nitrogen-fixing ability of strain B501gfp1 inoculated at different concentrations into Oryza sativa cv. Nipponbare. The systemic movements of the bacteria within the inoculated plants and the plant growth-promoting abilities of the bacteria were also examined.
Materials and Methods

Plant growth conditions
Dehulled seeds of Oryza sativa cv. Nipponbare were surface-sterilized with 70% ethanol for 2 min and with 5% sodium hypochlorite (NaClO) for 30 min. The seeds were then washed three times with sterile distilled water and subjected to sterility checks on nutrient agar media, to ensure sterilization efficiency.
Sterilized seeds were germinated in 4.0×3.5-inch plastic pots, one third of which was filled with sterilized vermiculite, and 10 ml of MS medium was added 24) . Four-day-old seedlings were transferred into modified Leonard jars that were filled with sterile vermiculite containing growth medium. The growth medium was kept moist by a centrally positioned cotton wick that ran half the length of the jar and extended into a reservoir that contained 300 ml of MS medium with 0.5 mM KNO 3 (pH 5.6). Sterilized sand stones were spread on top of the vermiculite to provide a dry surface, thereby preventing the growth of any airborne bacteria or fungi on the vermiculite and reducing evaporation from the jars. The plants were maintained at 28°C under a photoperiod of 16-h light and a photon flux density of 60 µmol m −2 s −1 provided by cool white fluorescent tubes. After one week, the MS medium with nitrogen was replaced with nitrogen-free MS medium.
Bacterial strain and inoculum preparation
Strain B501gfp1 (Elbeltagy et al.) 10) was provided by Dr. K. Minamisawa, Institute of Genetic Ecology, Tohoku University, Japan. Strain B501gfp1 was originally isolated from the stems of wild rice Oryza officinalis W0012. Its colonization and nitrogen-fixing abilities have been studied in its host Oryza officinalis 10) and in sugarcane 25) . The inoculum was prepared from bacterial cultures grown in LB broth for 24 h. The bacterial suspensions were centrifuged at 6,500 rpm for 10 min at 25°C. The supernatant was discarded and the pellet was resuspended in sterile distilled water. The bacterial suspensions were adjusted to 10 2 and 10 8 cells ml −1 using a Petroff-Hausser and Helber counting chamber.
Inoculation and harvesting
Roots are the main avenue of entry of diazotrophic endophytes into plants 17) . Thus, we chose 12-day-old seedlings with well-developed root systems for inoculation of the bacteria. Plants were inoculated with 200 ml of 10 2 or 10 8 cells ml −1 of strain B501gfp1 by removing the sand stones that covered the vermiculite and evenly pouring the suspension onto the vermiculite in the jars, without disturbing the plant root system. For control plants, the same amount of sterile distilled water was added. After the pouring on of the inoculum, the vermiculite was covered once again with sterile sand stones and the plants were left to grow under the conditions described above.
The plants were harvested and sampled for analysis at 2, 8, 15, 30, and 45 DAI. Plants were divided into roots, stem (basal stem and leaf sheath), and leaves (leaf blades) for fluorescence microscopic observations and bacterial density determination.
Enumeration of bacteria
To estimate the population densities of strain B501gfp1, replicate (n=3) plants (inoculated and control) were sampled and loosely attached bacteria were removed by washing the roots and aerial segments with distilled water. The plants were cut in to small pieces, weighed, and transferred into sterile tubes. Each sample was washed three times with sterile distilled water and macerated using a mortar and pestle. The macerates were then serially diluted and plated on LB medium that contained 10 µg ml −1 kanamycin. The green colonies that appeared on the plates after incubation at 28°C were counted using a Nikon SMZ 1500 fluorescence microscope.
Fluorescence microscopy
Plants from two separate inoculations, together with the corresponding control plants, were examined. The inoculated plants were also examined after surface sterilization, to confirm endophytic colonization and localization of the bacteria. For surface sterilization, plant parts were treated with 70% ethanol for 1-2 min, followed by washing in sterile distilled water. For the unsterilized treatment, plant parts were washed only with sterile distilled water. To examine the localization of the inoculated bacteria in tissues of the roots and stem, transversal and longitudinal sections of 0.1-mm thickness were prepared with a Microslicer. These sections were examined for microscopic fluorescence using the Nikon Eclipse E600 (Nikon, Tokyo, Japan) 25) .
N 2 gas fixation in intact plants
At 30 DAI, plants were washed with sterile distilled water (to remove vermiculite and loosely attached bacteria) and were placed in 70-ml glass tubes that were then sealed with rubber caps. The tubes were completely filled with Nfree Fahraeus liquid medium and 60 ml of this volume was then replaced with 30% (vol/vol) 15 N 2 gas (99.8 atom%) and 70% (vol/vol) Ar gas, leaving 10 ml of Fahraeus liquid medium in the tubes. The tubes were incubated at 28°C under a photoperiod of 16-h light. After 72 h, the seedlings were removed from the tubes. The roots and green aerial portions were separated, dried to a constant weight at 70°C, and powdered using a mortar and pestle. The 15 N concentration was determined in duplicate using a mass spectrometer. The samples were analyzed using the Thermo Finnigan Delta plus Advantage system (Shoko Co. Ltd., Japan).
Plant growth
Plant growth was determined by comparing the fresh and dry weights of the inoculated and uninoculated plants. The fresh weights of the plants were recorded at each harvest. For the dry weight calculation, plants harvested at 30 DAI were oven-dried at 70°C, and the final weight was recorded.
Results and Discussion
Bacterial colonization
The bacterial population density varies with the inoculum concentration and with time post-inoculation. No colonization of leaves was observed at any stage. The high inoculum dose (10 8 bacteria ml −1 ) resulted in rapid colonization of roots (at 2 DAI), whereas the low inoculum dose (10 2 bacteria ml −1 ) resulted in delayed (8 DAI) colonization (Table 1) . This rapid colonization of roots is probably due to the expression of cell wall-degrading enzymes, such as cellulase and pectinase, by strain B501gfp1 10) . Similar results 20, 21, 25, 29) have been reported for sugarcane and rice roots inoculated with Herbaspirillum seropedicae. The bacterial populations in the roots of high-inoculum plants were higher than those in low-inoculum plants until 15 DAI. From 30 DAI, a higher bacterial population (5.8×10 6 CFU g −1 FW) was observed in the roots of low-inoculum plants than in the roots of high-inoculum plants (2.4×10 6 CFU g Table 1 ). The decreases in the bacterial numbers in the high-inoculum plants at 30 DAI and 45 DAI compared to the low-inoculum plants may be due to the difference in initial inoculum dose. In the high-inoculum plants, bacterial colonization was aggressive and rapid. Therefore, the colonized bacteria multiplied and occupied the roots quickly and the population reached a maximum between 15 DAI and 30 DAI and started to decrease before 30 DAI for the reasons mentioned above. In the low-inoculum plants, the initial inoculum size was very small and 8 days was required for the bacteria to colonize the roots (although the fluorescent micrographs revealed some bacteria at 3 DAI, this was a rare phenomenon). After the initial colonization period, the bacteria multiplied rapidly and reached maximal density at 30 DAI, with a subsequent decline in numbers. These results are somewhat different from those presented in a previous study 25) , in which higher bacterial (strain B501gfp1) populations were associated with higher inoculum doses in sugarcane roots at 56 DAI. A possible reason for the decline in bacterial numbers after the peak at 30 DAI observed in this study is the non-pathogenic nature of strain B501gfp1, as is the case with other bacterial endophytes.
The non-pathogenic nature of Herbaspirillum sp. has been reported previously 22, 30, 31) . Unlike true pathogens, endophytes lack the ability to overcome the plant's defenses as the plants mature and grow in size beyond the seedling stage 16, 20) . Strain B501gfp1 initially showed aggressive behavior, probably due to its ability to produce cell walldegrading enzymes, but this behavior was suppressed once the bacteria were established within the plant 20) . No signs of a hypersensitive reaction (host defense reaction) 16) were observed at the later harvests, which is linked to the production of cell wall degrading-enzymes by phytopathogenic bacteria. The lack of defensive responses by the plants may explain why the bacteria localized primarily within the intercellular spaces. Another reason may be the reduced surface area and nutrition available to the bacteria for growth and multiplication. In the present study, plants with welldeveloped root systems were inoculated with bacteria. Therefore, at the time of inoculation, extensive root areas were available to the bacteria for infection and colonization, which meant that they colonized and multiplied quickly within the roots. The bacterial population tended to increase until 30 DAI, and occupied most of the root area and peaked by that time-point (Table 1 , Fig. 2D and Fig. 3C ). The reduced availability of non-colonized roots, coupled with the inability to overcome the defenses of the maturing plant, probably caused the slight decrease in bacterial numbers observed at the last harvest. Compared to root entry, the invasion of bacteria into the stem occurred rather late. Bacteria entered the stem at 8 DAI in the high-inoculum plants and at 15 DAI in the lowinoculum plants. Regarding this difference, it is possible that a threshold number of bacteria in the roots is required to initiate penetration of the stem. This required population size in the roots would have been achieved earlier in the high-inoculum plants than in the low-inoculum plants. The bacterial numbers in the stems of the low-inoculum plants continued to increase up to the last sampling time-point, whereas the bacterial numbers in the high-inoculum plants increased until 30 DAI but were decreased slightly at 45 DAI ( Table 1) .
The bacterial populations in the roots were always higher than in the stems for both doses of inoculum (Table 1) . These findings are in accordance with those of Gyaneshwar et al. 14) and James et al. 20) and contrast with the findings of Barraquio et al. 4) and Elbeltagy et al. 10) , who have reported that the numbers of nitrogen-fixing bacteria in rice are higher in stems than in roots.
Localization of strain B501gfp1
Roots were found to be heavily colonized by bacteria in both the low and high inoculum treatments. Bacterial colonization of the stems was observed but there was no colonization of the leaves, as evidenced also by the population density determinations. Furthermore, the initial association of bacteria with roots was apparent at 3 DAI as small colonies in the intercellular spaces of the root surface and in the cracks of the lateral roots on the main root and on the basal stem ( Fig. 1A and C) . However, plants inoculated with the higher inoculum (10 8 bacteria ml −1 ) showed greater surface colonization of the main roots, in that the bacteria colonized the intercellular spaces of the main roots and the junctions/ cracks of the lateral roots on the main root (Fig. 1B and D) . To investigate whether the bacteria penetrate the internal tissues of the roots and stem or are merely present in the rhizoplane, the inoculated plants were examined after surface sterilization. The fluorescent micrographs of surfacesterilized roots confirmed the endophytic colonization of bacteria (Fig. 1, C and D) . Similar patterns of Herbaspirillum seropedicae colonization of the roots of rice, wheat, maize, and sorghum have been reported previously 33) . Examination of transversal sections of the basal stem at 3 DAI and in later stages showed the endophytic colonization of the adventitious roots on the basal stem (Fig. 1, E and E-1) . The presence of dense colonies of bacteria in intercellular spaces (Fig. 1C ) and in cracks (Fig. 1B and D) of roots on the basal stem indicates that the bacteria are multiplying at theses sites. The endophytic presence of bacteria in roots ( Fig. 1E and E-1 ) and the basal stem ( Fig. 2E and E-1) suggests that bacteria reached these sites by penetrating these cracks and entered into the pericycle of the basal stem (Fig.  2E-1 and Fig. 3F ). They also colonized the veins of the outer leaf sheath of the lower stem by 15 DAI (Fig. 2, F and  F-1) . Such a mode of penetration in roots and stem by endophytic bacteria has been reported previosly 20, 33) . It was observed that the bacterial colonies on a few roots increased in number and size and formed lines along the intercellular spaces of the root surface. This phenomenon could be observed from 15 DAI (Fig. 2D ) and at 30 DAI (Fig. 3C) in the high-inoculum and low-inoculum plants, respectively. Heavy colonization of the intercellular spaces of unsterilized roots (Fig. 2, A, A-1 and Fig. 3A, D) and surface-sterilized roots (Fig. 2B and Fig. 3B ) was apparent throughout the 45-day period. No significant upward movement of bacteria was noted in the stem, except for the rare presence of bacteria in the sub-epidermal tissues of the dermal tissue system of the leaf sheath at 45 DAI (Fig. 3, G and G-1) .
The entry of strain B501gfp1 into aerial tissues, coloniz- ing the apoplast shoot tissues and coleoptiles of wild rice, has been reported previously 10) . However, in the present study, colonization of aerial components was not observed, except for the leaf sheath and lower stem. Colonization of the xylem in the roots and stem by Azoarcus sp 18) and Herbaspirillum seropedicae 19) has been reported previously, and this is generally believed to be the route through which endophytic bacteria move from the roots to the aerial parts. In contrast, no colonization of root xylem has been observed in studies conducted with Serratia marcescens 14) and Herbaspirillum seropedicae (cultivar IR42) in rice, although these bacteria were observed in the stem xylem. Endophytic bacteria are mainly located in the aerenchyma and intercellular spaces 10, 14, 20) . In the present study, heavy colonization of intercellular spaces was observed in the roots. It would have been worth conducting a microscopic study of internal root tissues (vascular vessels) as well but due to a lack of suitable laboratory facilities, this was not possible. Nevertheless, fluorescence microscopic observations of the transversal sections of the stem showed no colonization of vascular tissues. Therefore, the potential for upward movement through the transpiration stream appears to be minimal. The movement of endophytic bacteria in this situation from the roots to the stem might be due to the formation of long lines of intercellular bacteria ( Fig. 1E-1, Fig.  2 , D and E-1, and Fig. 3C ) along the lateral and adventitious roots, as described by Elbeltagy et al. 10) . Many endophytes 27) from rice, including strain B501gfp1, are motile in nature 10) , and it is thought that motility plays an important role in entering and movement in plants 23) . Therefore, it is possible that bacteria within the growth medium entered directly into the basal stem and subsequently migrated to other regions of the plant.
N 2 gas fixation in intact plants
Measuring the incorporation of 15 N-dinitrogen gas is a direct way to evaluate nitrogen fixation in plants. Plants inoculated with the high and low doses of bacteria contained higher amounts of fixed nitrogen than control plants. On average, 3.8 µg of nitrogen plant −1 (roots and green aerial portion) was fixed in 3 days, which represents 0.6% of the total nitrogen content of the plant ( Table 2 ). The plants inoculated with the low-inoculum dose fixed more nitrogen than the plants inoculated with the high-inoculum dose. The reason for this might be the higher number of bacteria (5.8×10
6 CFU g −1 FW) in the low-inoculum plants than in the high-inoculum plants (2.47×10 6 CFU g −1 FW) at 30 DAI ( Table 2 ). The percentage of fixed nitrogen in the present study is low compared to the level of 4% 15) reported for an aluminum-tolerant rice variety infected with H. seropedicae Z67. However, the amount of nitrogen fixed in the present study is close to that observed in some other studies in rice. The amount of fixed nitrogen (0.6% in 3 days) in the present study is higher than the 0.135% per day observed for strain B501gfp1 inoculated into wild rice (Oryza officinalis) 10) . Similar to another study, H. seropedicae Z67 has been reported to fix 0.45% nitrogen (over 3 days) in the rice variety IR42 20) . Gyaneshwar et al. observed 0.17% nitrogen fixation in rice infected with Serratia marcescens 14) . The variation in the amount of nitrogen fixed indicates that nitrogen fixation varies with strain, plant genotype, plant age, and environmental conditions 5, 10) .
Plant growth
Comparison of the dry and fresh weights of the inoculated plants with those of the control plants suggests that strain B501gfp1 has growth-promoting abilities. The inoculated plants showed increased dry weights (42% and 26% for the low-and high-inoculum doses, respectively) compared to the controls (Table 2) . Inoculation also resulted in increases in the fresh weights of plants compared to uninoculated plants (Fig. 4) . At 45 DAI, the fresh weight of the low-inoculum plants (0.479 g plant −1 ) was almost 17% higher than that of the high-inoculum plants (0.411 g plant −1 ) (Fig. 4) . It is noteworthy that increased dry weights were observed for the plants with higher nitrogen content (data not shown), which indicates that endophytic bacteria contribute to plant growth by providing fix nitrogen 20) . How- The values listed represent the means±SE of two replicates. The percentage of occupied 15 N of the total nitrogen content of each plant was calculated using the following formula: Occupied % of 15 N in total nitrogen=sample excess % / enriched 15 N gas excess % where sample excess %=sample atom %−BG atom %, and enriched 15 N gas excess %=Gas atom %−BG atom % b Roots and green aerial portion. DAI, days after inoculation.
ever, endophytic bacteria are also reported to promote plant growth without enhancing nitrogen content, which implies that endophytic bacteria influence plant growth by means other than nitrogen fixation 14) . This enhancement of plant growth is due to the excretion of phytohormones, which lead to increases in photosynthesis and root surface and thus increase nutrient uptake 6, 7, 26) . Based on the findings of this study it can be concluded that strain B501gfp1 can colonize, fix nitrogen, and promote growth in cultivated rice (Oryza sativa cv. Nipponbare). It was also observed that compared to other studies 10) , levels of bacterial colonization and fixed 15 N2 were higher, which may be due to differences in the experimental conditions, e.g., inoculation technique and plant growth stage at the time of inoculation. Further studies using different inoculation techniques that assess the effects of plant growth stage on endophytic colonization and amount of fixed nitrogen are necessary to shed light on the roles of these parameters in the development of rice-endophyte interactions. 
